In slurry balanced shield tunneling, how to ensure the safety of construction and to reduce the influence on the environment has attracted wide attention of scholars both at home and abroad. But now it is still in the stage of experience as to the instability mechanism of the slurry shield tunneling excavation and its stability analysis. Based on the large-diameter model tests, the effect of the different waterhead (non-water, 0.9m and 1.1m) on stability of excavation face of slurry balanced shield is investigated, and the stability mechanics is proposed. The results show that: waterhead heights play an important role on excavation face instability features of slurry balanced shield in sandy stratum, Regarding the different waterhead heights, the development mode of the excavation face instability features can be divided into non-water mode, lower-waterhead mode and higher-waterhead mode; soil arching is existed in the process of excavation face instability, the settlement of ground lags behind excavation face failure, the soil arching will block or eliminate the effects of ground settlement; excess pore water pressure need to be considered besides earth pressure and hydrostatic pressure when the supporting force is calculated.
INTRODUCTION
With the development of the society, for the cities all over the world, the exploitation of underground space has become an important measure to solve the problems about population, resources and environment and an important way to heal the city syndrome and implement the sustainable development strategy of city. Instability of excavation face caused by relief of shield soil stress is still one problem that needs to be solved (Chambon and Corté, 1994) . How to reduce the effects of construction on surrounding environment? How to accurately determine the instability of shield excavation face and to effectively and reasonably select the supporting force? These are the crucial problems which need to be solved during shield construction.
The researches on the stability of shield excavation face have been conducted by many scholars. The presence of groundwater has an important influence on the stability of excavation face in the process of tunnel excavation in the aquifer. Tunnel excavation destroys the initial stress balance and the groundwater balance. The groundwater will percolate towards the excavation face under the action of hydraulic head difference, resulting in seepage force acting on the excavation face. The seepage force will affect the stability of excavation face. Chungsik (2016) studied the deformation behavior of tunnels crossing a weak zone in conventional tunneling. It indicates that the effectiveness of the absolute displacement monitoring data as early warning indicators depends strongly on the spatial characteristics of the weak zone. Lee et al. (2002 completed a number of studies on the tunnel excavation face under seepage force, the influence on tunnel lining and tunnel excavation face by seepage force is studied, the effect of grouting and advance rate on seepage force and tunnel face stability is investigated using limit theorem. Ahmad et al. (2015) used the finite difference method (FDM) to propose a new solution to calculate pore water pressure, stress, and strain distributions on periphery of circular tunnels in axisymmetric and plain strain conditions. Fan et al. (2015) analyzed the seepage-stress coupled on the tunnel face using fast Lagrangian method, and discussed the effect of seepage force on face stability and the relation between the face pressure and the deformation of tunnel face. Callari (2004) studied the stability of shallow-hurried tunnel lying in saturated stratum. Perazzelli et al. (2014) investigated the problem of the stability of the tunnel face under seepage flow conditions based upon the so-called "method of slices". Pan and Dias (2016) obtained that critical effective face pressure increases with water table elevation by the kinematic approach in combination with numerical simulation.
Generally speaking, most of the studies on the stability of tunnel excavation face in the past haven't directly considered the influences of waterhead. When the shield tunnel in sandy stratum with high permeability is under construction, seepage and excess pore water pressure will change the physical-mechanical properties and stress field profile of excavation face soil and affect the stability of excavation face. However, there are still many arguments with the research. This study aims to provide reference for accurately determining the stability of excavation face and reasonably selecting supporting force during slurry shield tunneling.
MODEL TEST

Model designing
The slurry shield testing system with independent design and development, which includes soil box model, slurry shield machine model, thrust system, slurry circulating system and measuring system, is used to conduct the test (Fig.  1) .
Based on the dimensional data calculated according to similarity ratio, the soil box model is welded by Perspex plates with thickness 2 cm. The horizontal and vertical angle steel ribs are set up around the soil box model to reinforce the model. The shield model, which has a diameter of 50 cm, is composed of grids, buffer area and gas-liquid pressure chamber. The earth pressure cells are installed in the gas-liquid pressure chamber to measure the chamber pressure. The gas-liquid pressure chamber connects directly with the grouting line, and the gasbag in the chamber connects with an air pump by air inlet pipe and air outlet pipe.
Slurry circulation system consists of slurry tank and four pressure-regulating valves, by adjusting which the grouting pressure can be conveniently adjusted to the required pressure and thereby the slurry in the slurry tank can be injected into the stratum. Meanwhile, the gasbag in the gas-liquid chamber is used to keep the chamber pressure stable.
The measuring system is composed of sensors and data collectors. It includes miniature earth pressure cells, YY-2B pore pressure gauges and GECO-16A multi-channel data acquisition instrument, which are used for realtime dynamic data acquisition. The displacement of surficial soils is observed using high-accuracy laser telemeters. The pore pressure sensors and earth pressure sensors are laid out vertically on the plane which is about 3 cm apart from the simulated excavation face to monitor the change of earth pressure and pore pressure of excavation face soils (Fig. 2) . Moreover, a pressure cell is laid out in the middle of the chamber to monitor the pressure of the chamber. The vertical displacements of the ground surface are observed using highaccuracy laser telemeters. Five observation sections, twenty-eight observation points are laid out ( 
Soil samples for testing
Two kinds of sands are used for testing to simulate the strata: medium-coarse sand with internal friction angle 35° and cohesive strength 0.7 kPa is taken from Jiaozhou, Qingdao, and the mass percent of the particles with particle size from 0.5 mm to 2 mm is about 80%. Based on the gradation of silty-fine sand in the stratum of Nanjing Yangtze Tunnel, the silty-fine sand with internal friction angle 28.7° and cohesive strength 18.7 kPa is prepared, and the mass percent of the particles with particle size less than 0.5 mm is more than 95%.
Testing Process
The steps of model test are as follows: ① Lay out the sensors; ② Prepare the simulative stratum; ③ Adjust the water head in the stratum and prepare slurry pro rata; ④ Start the testing. The slurry is fed into the slurry chamber by adjusting the pressure; ⑤ The stability of the pressure in the chamber is maintained by air pressure; ⑥ Adjust the grouting pressure to simulate the instability of excavation face (Relieve the pressure and the excavation will be active failure); ⑦ Dynamically monitor the pressure in the chamber, the earth pressure of excavation face and the pore water pressure during the model test; ⑧ Cut open the soil mass in the soil box model, check the cross section to find the paths along which the slurry permeates and the permeation area.
According to the method above, the model tests are conducted in two kinds of strata with cover-span ratios C/D=0.6, 1.0 and height of water head h=0, 0.9, 1.1 m, respectively. The aims of these tests are to study the change law of ultimate supporting force, soil arching effect and ground settlement when active failure and passive failure occur at the excavation face.
RESULT ANALYSIS OF MODEL TEST
Test results
Ground settlement
The ground settlement caused by active failure of excavation face with the height of water head 0 m, 0.9 m and 1.1 m was simulated in the model test. The effects of different water head heights on the ground settlement are totally different. When the height of water head is 1.1 m (i.e., the water level is 0.1 m higher than the ground), a circular collapsing pit with diameter about 30 cm occurs on the earth's surface above the excavation face with supporting force reduced. When the height of water head is 0.9 m (i.e., the water level is 0.1 m lower than the ground), the ground settlement is rather low with the minimum about 3 mm with supporting force reduced. When the supporting force is close to zero, a circular collapsing hole with diameter about 10 cm suddenly occurs on the earth's surface. Through the collapsing hole it is found that a circular collapsing pit with diameter about 25 cm has formed below the earth's surface. When the water head height is 0 m (i.e. dry sand), nothing happens on the earth's surface even with the supporting force reduced to zero. Exerting 30 kPa load to the earth's surface, on the earth's surface still does not occur obvious subsiding or fissure. analyze are from 2# pore water pressure sensor which is in the center of excavation face. It can be seen from Fig. 6 that the changing trends of excess pore water pressure during the two model tests with different water head heights basically agree with each other. At the beginning of grouting, the excess pore water pressure remains unchanged when the thin mud coating has not formed. After the thin mud coating forms, the excess pore water pressure increases rapidly to the maximum in a short time. The maximum of excess pore water pressure is about 280 mm when the water head height is 1.1 m, which is higher when the water head height is 0.9 m. At the stage of maintaining stable chamber pressure, slowly move away the piston and make the piston detach from the excavation face. During that time, excess pore water pressure drops gradually due to the slow dissipation of excess pore water pressure. At the beginning of the active failure of excavation face, excess pore water pressure decreases sharply, even falls to negative value. 
Lateral soil pressure
In the model test, the lateral soil pressure was measured in the process of active failure of excavation face. The data used to analyze are from 501# soil pressure sensor which is in the center of excavation face. It can be seen from Fig. 7 that the changing trends of lateral soil pressure during the three model tests with different water head heights basically agree with each other. At the beginning of grouting, the value of lateral soil pressure on the excavation face is the same as the value of original active soil pressure when the thin mud coating has not formed. At this stage, when the height of water head is 1.1 m, the lateral soil pressure value is the largest, which is about 24 kPa; when the height of water head is 0 m, the lateral soil pressure is about 16 kPa. The difference in lateral soil pressure with the same thickness of covering soil is related to the structure of sandy stratum. The dry sandy stratum has some degree of structural stability. The presence of water changes the stress distribution on the excavation face and reduces the structural stability of sandy stratum. After the thin mud coating forms, with the pressure in the chamber increasing, the lateral soil pressure increases rapidly to about 37 kPa in a short time. As a result of stratum deformation caused by squeezing, the lateral soil pressure is changed into passive soil pressure from active soil pressure. For the dry sand, the supporting force supplied by the chamber only needs to balance the soil pressure. Therefore, the required supporting force with the maximum about 26 kPa is smaller than that in the presence of water. At the stage of maintaining stable chamber pressure, slowly move away the piston and make the piston detach from the excavation face. During that time, the soil pressure is in a state of being relatively stable and still acts as the passive soil pressure. At the beginning of the active failure of excavation face, soil pressure decreases sharply, the soil pressure is changed into active soil pressure from passive soil pressure. At the stage of active failure, the lateral soil pressure during the three model tests with different water head heights decreases with time in different ways. When the water head height is 1.1 m, with the supporting force decreasing gradually to about 31 kPa, the excavation face is destroyed. The destruction spreads rapidly to the ground surface where a pit forms, and with the supporting force decreasing further, the area of the pit is also expanded. When the water head height is 0.9 m, with the supporting force decreasing nearly to 0 kPa, a hole collapse appears on the ground surface (Fig. 5) . In this case, the amount of soil loss is larger than that when the water head height is 1.1 m because the distance between the piston and excavation face is longer. At last, the soil pressure is about 11 kPa. When the water head height is 0 m, there is no uplift or subsidence on the ground surface even when the supporting force is 0 kPa, however, finally, the lateral soil pressure is only about 5 kPa. It shows that the amount of soil loss at the excavation face is very large and a cavity has formed. It indirectly proves the existence of soil arching effect.
The development mode of active failure of excavation face
Shield tunneling in sandy strata has effects on the strata and surroundings in which water plays an important role (Chen 2013) . According to the different heights of water head in the stratum, the development mode of active failure of excavation face can be divided into three kinds of situations by analyzing comprehensively the results of model tests.
Waterfree Mode: The sandy stratum without water has some degree of structural stability, so the stability of the soil mass above the excavation face is maintained owing to the existence of soil arching effect. Although the soil mass at the tunnel excavation face is completely collapsed, the soil arching effect eliminates the effects of excavation face failure on the ground surface ( Fig.  8(a) ).
Low Water Head Mode: When the water head is below the ground surface, the soil arching zone will gradually expand upward along the direction of principal stress after the soil mass at excavation face loses its stability, and then the upper soil mass will integrally slide down. Above the water table, the soil arching doesn't expand upward, and another soil arching zone forms between the water table and subsiding ground surface while the cavity forms between the water table and stable ground surface (Fig. 8(b) ).
High Water Head Mode: When the water head is above the ground surface, the soil arching zone will expand upward along the direction of principal stress, and the upper soil mass will integrally slide down. The destruction of excavation face spreads rapidly to the ground surface where a pit forms (Fig. 8  (c) ).
It can be seen that the soil arching effect exists in the sandy stratum when the tunnel excavation face is collapsed. When there is water in the sand stratum, seepage and excess pore water pressure during shield tunneling can greatly reduce the strength of the stratum, and the soil arching effect will be weaken. And when the soil mass of excavation face is collapsed, sliding plane is rapidly formed in the upper soil mass and the upper soil mass integrally slides down, or even a pit occurs on the ground surface. 
SUMMARY AND CONCLUSIONS
Through comparative analysis on the experimental data obtained from six model tests on two kinds of strata under different heights of water head (0 m, 0.9 m and 1.1 m) and numerical simulation, the following conclusions can be obtained:  According to the heights of water head, the development mode of active failure of excavation face in the sandy strata can be divided into three kinds of situations: waterfree mode, low water head mode and high water head mode.  The soil arching effect exists in the sandy stratum when the excavation face of shield tunnel is collapsed. It makes the response of ground surface to the active failure of excavation face lag behind. In the dry sandy strata, the soil arching effect can even eliminate the influence on the ground surface and cause potential safety problems.  The process of forming thin mud coating and providing supporting force can induce excess pore water pressure in the sandy strata. During determining supporting force, besides earth pressure at rest and hydrostatic pressure, excess pore water pressure should be taken into account.  To sandy strata, excess pore water pressure and seepage in the presence of water can reduce the soil strength and eliminate the soil arching effect. Therefore, the supporting force of excavation face shouldn't be reduced because of the existence of soil arching effect.  The comparative analysis on the experimental data of excavation face failure can deepen the knowledge of destabilizing models of excavation face of slurry balanced shield tunnel in sandy strata. The conclusions are valuable for the determination of supporting force of excavation face.
